The two-dimensional 17 O dynamic-angle spinning solid-state nuclear magnetic resonance spectrum of silica glass produced from the melt was measured. From this spectrum a three-dimensional histogram correlating 17 O chemical shift, quadrupolar coupling constant, and quadrupolar coupling asymmetry parameter for the bridging oxygen was obtained. Using existing correlations between NMR parameters and local structure, the distribution in quadrupolar coupling parameters was mapped into two-dimensional histograms correlating the Si-O-Si angle with Si-O distance, the Si-O-Si angle with Si-Si distance, and the Si-O distance with Si-Si distance. While the peak values for the Si-O-Si angle, the Si-O distance, and Si-Si distance distributions, at 147°, 1.59 Å, and 3.05 Å, respectively, are consistent within the precision of the NMR measurement with previous diffraction studies, the distribution widths are narrower than previous diffraction studies. The two-dimensional histogram reveals an unexpected strong positive correlation between the Si-O-Si angle and Si-O distance in the glass, running opposite to the trend generally found in crystalline silica polymorphs.
Silica is the archetypical glass former and is of significant scientific and technological importance in several disciplines. Despite this importance, many fundamental aspects of its atomic level structure remain unknown. In 1932, Zachariasen 1 predicted that the structure of silica glass consisted of well-defined corner-sharing SiO 4 tetrahedra connected in a continuous infinite three-dimensional network having no long-range order. The interconnection of two tetrahedra involves a Si-O-Si bond angle and two dihedral angles; the variation in these angles is considered to be one of the main sources of disorder in a conventional melt quenched silicate glass. Shortly afterward, these ideas were experimentally confirmed by Warren 2 using x-ray diffraction techniques.
In 1969, Mozzi and Warren 3 published the often cited Si-O-Si bond angle probability distribution for silica glass, claiming that it peaked near 144°, had a full width at half maximum of 37°, and was skewed towards lower angles. Recently, Neuefeind and Liss 4 reanalyzed high-energy x-ray 5 and neutron 6, 7 diffraction data of silica glass without the assumption of randomly distributed dihedral angles to obtain a Si-O-Si bond angle distribution that is nearly half the width found by Mozzi and Warren. Silicon-29 magic-angle spinning (MAS) nuclear magnetic resonance (NMR) has provided another means of obtaining the Si-O-Si bond angle distribution [8] [9] [10] [11] [12] with varying success. A correlation between the 29 Si chemical shift of an SiO 4 tetrahedra and the average of its four Si-O-Si angles in the second coordination sphere has been used to map the 29 Si MAS NMR lineshape into the Si-O-Si distribution. Unfortunately, many Si-O-Si angles can map to the same silicon-29 chemical shift in the averaging process, making this is a rather complicated and suspect process for obtaining Si-O-Si angle distributions. 10 Additionally, for reasons of spectral overlap this approach becomes intractable for multi-component silicate glasses and its application, like diffraction techniques, has also been limited to SiO 2 glass.
A better approach to measuring Si-O-Si bond angle distributions is to use methods that provide a more detailed and direct measurement of the local environment around oxygen. Unfortunately, the information obtainable from x-ray absorption spectroscopies has been limited for light backscattering atoms like oxygen. 13 In contrast, solid-state 17 O NMR, specifically, the 17 O quadrupolar coupling and chemical shift parameters, provide a simple and direct probe of the electronic structure, and is well suited for measuring the local structure around bridging oxygen. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In 1983, Geissberger and Bray 24 obtained the first 17 O NMR spectrum of silica glass. From their analysis, they concluded that the average Si-O-Si bond angle was 144°and its distribution ranged from 130°to 180°. Their data analysis, however, was limited since it relied on fitting heavily overlapping NMR spectra, which required an assumption of a Gaussian distribution in NMR parameters. While this has been a common practice in solid-state NMR analyses of glasses, there generally has been no justification for this other than the central limit theorem. Additionally, such analyses are forced to assume specific (typically random) correlations between NMR parameters. The development of two-dimensional NMR methods that separate and correlate anisotropic and isotropic lineshapes [25] [26] [27] has helped eliminate the need for these assumptions. 28, 29 
B. NMR spectroscopy
The RAPT (Rotor Assisted Population Transfer) [31] [32] [33] enhanced two-dimensional 17 O dynamic-angle spinning spectrum of silica glass is shown in Fig. 1 . Also shown in Fig. 1 are the one-dimensional projections onto the MAS and isotropic dimensions, along with selected experimental cross sections and best fit simulations on the right. All
17
O NMR experiments were performed at 9.4 T on a Chemagnetics CMX II spectrometer using a modified version of a homebuilt DAS probed described earlier. 34 The sample was contained in a silicon nitride rotor with a 4 mm diameter. Experiments were performed at ambient temperature with a sample spinning rate of approximately 15 kHz, and chemical shift data referenced with respect to the 17 O resonance in tap water. A recycle delay of 60 seconds for 17 O was determined using a saturation recovery experiment under MAS conditions. The DAS angle pair (38.38°, 79.19°) was employed in removing the second order anisotropic broadenings, while detection was carried out at 54.74°to eliminate all chemical shift anisotropy contributions to the anisotropic lineshape. 19, 35 The DAS pulse sequence was preceded with a Gaussian RAPT preparation 32 to improve signal to noise by a factor of 2.4. The optimized RAPT parameters were obtained at 38.38°. These include a Gaussian pulse width of 9 sec, divided into 15 increments of 0.6 seconds to obtain a Gaussian-shaped pulse ͑ = 1.8 sec͒ with an offresonance frequency of ±525 kHz. The RAPT Gaussian pulse pair was repeated 400 times before the MAS-detected DAS sequence. The / 2 pulse widths of 8 sec, 7.2 sec, and 7.5 sec were used for the angles 38.38°, 79.19°, and 54.74°, respectively. The DAS echo was shifted 36 by 1 millisecond, an integer number of rotor periods, using a pulse of 15 sec. The t 1 dimension was zero-filled to 256 points and no apodization was applied to this dimension to preserve the highest possible resolution.
Additionally, 29 Si MAS spectra were collected at 14.1 T and at a spinning rate of 18 kHz, with a Varian/ Chemagnetics 3.2 mm T3 type probe. The 29 Si NMR spectrum collected with a 30°tip angle and a delay of 5000 sec was similar to that reported by Gladden et al. 12 It was approximately Gaussian in shape, centered at −111.2± 0.5 ppm with a FWHM of 12± 0.5 ppm. Silicon-29 spin-lattice relaxation followed a power-law behavior as previously reported for other samples, 37 but could be approximated with a T 1 of at least 1400 seconds.
When fitting the 2D 17 O DAS spectrum we assume that each 1 cross section contains the anisotropic second-order quadrupolar central transition lineshape of a single site. That is, the subset of the oxygen atoms resonating at each 1 value has such a narrow range of local structural variations that their NMR parameters are nearly identical. Selected cross-sections shown in Fig 
where ␦ cs is the isotropic chemical shift, and ␦ q is the isotropic second-order quadrupolar shift. 27 Since certain parameters describing a given cross section have zero covariance with parameters describing other cross sections, we have adopted an algorithm for fitting the 2D spectrum that performs two least squares fits: one inside the other. An "inner" least squares fit is performed on each 1D cross section. The individual best fit chi squared values of each cross section are added to get the total chi squared for the 2D spectrum. An "outer" least squares fit is then performed using the total chi squared for the 2D spectrum with parameters that were constant during the "inner" least squares fit becoming fit variables during the "outer" least squares fit. Two different approaches were taken when fitting the data in Fig. 1 . In the first approach, each cross section was fit for the quadrupolar coupling constant, C q , quadrupolar asymmetry parameter, q , and area with fixed constraints of Gaussian broadening and total isotropic shift, ␦ iso = 1 . Gaussian broadening was then varied as part of the "outer" least squares fit to obtain the minimum total chi squared. In the second approach, we fit each cross section for C q and area with fixed constraints of Gaussian broadening, total isotropic shift, ␦ iso = 1 , and a linear relationship between C q and q . The slope and intercept of the linear relationship as well as Gaussian broadening were varied as part of the "outer" least squares fit to obtain the minimum total chi squared. The best-fit distributions of C q and chemical shift were virtually unaffected by the introduction of the linear correlation between C q and q , whereas, for q significant differences were seen only in the lower intensity cross-section fits, where the uncertainty in q is expected to be higher.
III. RESULTS AND DISCUSSION
From the full least-squares analysis of the 17 O 2D DAS spectrum, a three-dimensional histogram correlating the 17 O chemical shift, ␦ cs , quadrupolar coupling constant, C q , and quadrupolar asymmetry parameter, q , was obtained. Twodimensional projections along with corresponding onedimensional projections of this three dimensional histogram are shown in Fig. 2 . The one-dimensional distributions are asymmetric and skewed towards lower chemical shifts, lower (in magnitude) quadrupolar coupling constants, and higher quadrupolar asymmetry parameters. As expected, there are strong correlations among all three NMR parameters as they are all known to be strongly correlated to the local structure around the bridging oxygen (vide infra). Although a linear constraint between C q and q was imposed by our least squares fitting procedure to improve convergence for the lower sensitivity cross-sections, eliminating this constraint in the fitting procedure resulted in no significant changes in the correlations.
Over the years we [20] [21] [22] [23] and others [14] [15] [16] [17] [18] have quantified strong correlations between 17 O quadrupolar coupling parameters and the local structure around a Si-O-Si bridging oxygen. The structural features around a bridging oxygen most important in determining the 17 relations between C q and q , and the Si-O-Si angle and Si -O distance:
where ⍀ is the Si-O-Si bond angle and d TO is the average silicon-oxygen bond distance. A least-squares fit of Eqs. (2) and (3) to the experimental values for coesite, 19 cristobalite, 38 and ␣-quartz 39 as well as the ab initio predicted values for ferrierite 40 Table I . We focus first on the one-dimensional Si-O-Si angle distribution. There is a consensus that the SiO 4 subunits in silica glass are regular tetrahedra and that disorder arises from variability in the Si-O-Si angle distribution. The Si-O-Si angle distribution, also shown in Fig. 4 , peaks at 147°with a standard deviation of 3.8°. While this peak position is higher than the 144°found by Mozzi and Warren, 3 it is in agreement with recent high energy x-ray and neutron diffraction studies. 4, 5 Although the majority of Si-O-Si angles in low temperature crystalline silicates are near 144°, it has been argued 41 that the range of Si-O-Si angles in silica glass, which quenches in a high temperature structure, would be closer to those found in high temperature silica polymorphs, such as ␤-quartz and ␤-cristobalite, where the angles range from 147°-151°. The width of the Si-O-Si angle distribution is significantly narrower than the distribution obtained by Mozzi and Warren, 3 and nearly half the width found by Neuefeind and coworkers. 4, 5 Such a difference is not surprising, however, since diffraction, which provides only a direct measure of the Si-O and Si-Si distance distributions, requires modeling and a number of assumptions to construct the Si-O-Si angle distribution. At best, with the proper model and assumptions, diffraction will set an upper limit on the width of the Si-O-Si angle distribution. In contrast, the quadrupolar asymmetry parameter, from which our Si-O-Si bond angle distribution is derived, provides a more direct probe of the Si-O-Si angle. We do note, however, that any additional structural asymmetries around the bridging oxygen may lead to a slight increase in the quadrupolar asymmetry parameter. Such an increase would be interpreted as a slightly lower Si-O-Si angle in our current analysis, and this effect may contribute to the strong decrease in the Si-O-Si distribution population at higher Si-O-Si angles. It is also worth noting, however, that our Si-O-Si angle distribution of silica glass is remarkably consistent with the one, also shown in Fig. 4(a) , obtained from a molecular dynamics simulation, performed by Yuan and Cormack 41 when using a three-body potential of Vessal et al. 42 Details on the Si-O-Si angle distribution in silica will also have implications for the ring size distribution. Silica glass with a high fictive temperature ͑T f ͒ has a more probable Si -O-Si angle near 141°, a greater presence of three and four member rings, and well-defined SiO 4 tetrahedra. In contrast, a lower T f silica glass, such as the glass in this study, still includes well-defined SiO 4 tetrahedra, but the mean Si-O -Si angle increases, six member rings are more favored, and three and four membered rings are excluded. [43] [44] [45] [46] [47] The narrowness of the Si-O-Si angle distribution also has implications for the ring topology. Specifically, three member rings, with predicted Si-O-Si angles ranging from 128°to 136°, will be significantly less probable. [48] [49] [50] Conclusions regarding the occurrence of four member rings are less clear because the range of angles for these structures may overlap with angles expected for the more prevalent 5 or 6 member rings. [49] [50] [51] The structure will have a pronounced effect on the physical properties of silica glass. 52 Although models of silica glass have been proposed with broad Si-O-Si bond angle distributions, narrow distributions consistent with our results have also been proposed that agree with the glass' physical properties, such as density. 44 A narrow bond angle distribution centered near 147°should not be problematic with respect to bond connectivity or strain because it is consistent with a ring topology dominated by 6 member rings and avoids smaller, less stable rings. It is noteworthy that ␤-cristobalite and HP-tridymite, each having densities nearly the same as silica glass, are composed entirely of six member rings and have Si-O-Si angles near 149°. This has led to the suggestion, supported by the present investigation, that structural similarities exist between these polymorphs of SiO 2 and silica glass. 44, 53 We also have found that the one-dimensional Si-O distance distribution has a mode of 1.59 Å and a standard deviation of 0.0191 Å. Although this mode is less than 1.605 Å obtained by diffraction methods, 54 it is still within the precision of our current calibration of Eqs. (2) and (3). The onedimensional Si-Si distance distribution peaks at 3.05 Å, in reasonable agreement with diffraction measurements, and has a standard deviation of 0.067 Å. As seen in Fig. 3(a) , the range of Si-O distances in silica glass is similar to those found in crystalline silica polymorphs. The Si-O and Si-Si distances are also within the range of values typically presented for SiO 2 glass, 55, 54 and have overall distribution widths that are slightly narrower compared to the x-ray radial correlation function of silica glass, after taking the x-ray form factors and Q-space resolution into account. For comparison, the 17 O NMR derived Si-O and Si-Si distance distributions, convoluted with the proper x-ray form factors 56 and a step function with Q max of 23.55 Å −1 , are shown in Fig. 4(b) along with the radial correlation function obtained from x-ray diffraction. 4, 5 There is excellent agreement between the Si-O peaks at 1.6 Å, and, although the Si-Si contribution to the x-ray radial correlation function is wider than the NMR peak at 3 Å, this difference may be due to contributions from the first and second shell O -O distances which were not part of the x-ray convoluted NMR distance distribution.
In Fig. 3 we show, for the first time, the experimentally measured two-dimensional structural distributions in a glass. Strong nearly linear correlations among Si-O-Si angle, Si-O distance, and Si-Si distance in silica glass are observed. Most unexpected is the strong positive correlation between Si-O distance and Si-O-Si bond angle in silica glass, which is the opposite of that generally found in crystalline SiO 2 polymorphs, 57, 58 as shown in Fig. 3(a) . An increase in Si-O distance as the Si-O-Si angle increases, although not expected based on crystalline SiO 2 polymorphs or quantum chemical calculations for model clusters in the gas phase, is not without precedent. Recent molecular dynamics simulations of quartz by Kihara, 59 for example, suggests that with increasing temperature both the Si-O distance and Si-O-Si bond angle increase. Kihara found this result to be consistent with previous diffraction data after bond lengths were corrected for the librational motion of each silicate tetrahedra. 60 Similarly, a decrease in Si-O-Si angle and a decrease in Si-O distance has been proposed for low quartz under high pressure conditions, based on ab initio calculations. 61 It should be noted, however, that these calculated changes in Si-O bond distance are smaller than those described here for SiO 2 glass. Nonetheless, these observations suggest that the positive correlation observed through our 17 O NMR data may be the effect of trapped density fluctuations resulting from the disequilibrium nature of the glass.
Finally, we note that simple correlations between 17 O isotropic chemical shift and local structure around bridging oxygen have been more elusive. 19, 40, 62 The correlation between quadrupolar coupling constants and chemical shift observed in Fig. 2 is consistent with previous 17 O NMR measurements in silicates. 62, 63 By using the derived structural distributions discussed above, we can consider the possible correlations between 17 O isotropic chemical shift, ␦ cs , and the Si-O-Si angle or Si-O distance in SiO 2 glass. As shown in Fig. 5(a) , a strong correlation is evident for the most probable Si-O-Si angles with ␦ cs decreasing with an increasing Si-O-Si angle. The range of ␦ cs values in SiO 2 glass is in much closer agreement with that proposed for ferrierite ͑28-42 ppm͒, 40, 62 rather than that determined for coesite ͑40-60 ppm͒. 19 Recently, Loeser et al. 64 showed that ␦ cs decreases linearly with increasing Si-O-Si in sodalites in some special cases. For Na, K-LSX hydrated zeolite they found a slope and intercept of −0.92 ppm/ degree and 171 ppm, respectively, both in close agreement with the data in Fig. 5(a) . 
IV. CONCLUSION
We have shown how the two-dimensional 17 O DAS solidstate NMR spectrum of silica glass can be analyzed to obtain two-dimensional histograms correlating the Si-O-Si angle with Si-O distance, Si-O-Si angle with Si-Si distance, and Si-O distance with Si-Si distance. This approach is general, and can be applied to measure the structural distributions around bridging oxygen in any 17 O enriched [66] [67] [68] 40 crystalline or noncrystalline silicate.
The one-dimensional distance distributions obtained for silica glass with this approach are consistent, within the precision of the method, with the radial correlation function obtained from x-ray diffraction methods. The Si-O-Si angle distribution obtained, in contrast, is significantly narrower than those predicted from previous x-ray diffraction analyses of silica glass. This is not surprising, since Si-O-Si angle distribution determinations from diffraction data are obtained from structural modeling that is likely to be underconstrained.
The two-dimensional structural distributions measured here reveal an unexpected strong positive correlation between the Si-O-Si angle and Si-O distance in the glass, running opposite to the trend generally found in crystalline silica polymorphs. These observations may be the effect of trapped density fluctuations resulting from the disequilibrium nature of the glass. Future measurements on annealed samples could be useful for testing this hypothesis.
